A simplified dynamic method of calibration for dye-dilution curves is described. The method involves appropriate matching of thefluid volume in the mixing chamber, the blood withdrawal rate, and the calibration dose of dye. It was used to compare the observed versus calibrated pump output of a heart-lung machine with individual dye-dilution curves obtained from IS patients during total cardiopulmonary bypass. 
A simplified dynamic method of calibration for dye-dilution curves is described. The method involves appropriate matching of thefluid volume in the mixing chamber, the blood withdrawal rate, and the calibration dose of dye. It was used to compare the observed versus calibrated pump output of a heart-lung machine with individual dye-dilution curves obtained from IS patients during total cardiopulmonary bypass. The results indicate that the difference (range+ 14% to -8%) between the two is statistically insignificant. The method is rapid and relatively simple. It is particularly usefulfor cardiac output determination during unsteady clinical conditions because of the ability to calibrate dye curves at the time they are recorded.
Measurement of cardiac output from dye-dilution curves requires a calibration procedure relating points on the curve to known blood concentrations of the dye. The serial dilution method of calibration is cumbersome and time consuming. It entails repeated pipetting of blood for mixing with dye. Under unsteady clinical conditions such as cardiac surgery, or haemorrhagic shock, gross changes in blood composition are common and only repeated calibrations will assure the accuracy of cardiac output determinations. A simple, rapid, and accurate calibration procedure is necessary; one which permits reinfusion of the blood used has an added advantage.
Sparling et al. (I960) described a simple and time-saving dynamic method for calibrating dyedilution curves. They compared the area of the dilution curve obtained from the patient with that derived from a small calibration system built into the sampling line. Since then several studies of the dynamic method have been published (Emanuel and Norman, I963; Emanuel et and Emanuel and Norman (I963) during cardiac surgery, we encountered numerous difficulties, especially with regard to injection of the calibration dose and the amount of blood required for the procedure. Therefore, through a series of experiments, we changed the technique to make it more suitable for clinical applications.
The experiment described here is designed to validate the accuracy of this method by comparing simultaneously the dye-dilution output using this method of calibration with the pump output from a cardiopulmonary bypass machine.
Methods

Calibration system
The system used is shown schematically in Fig. I . Upstream from the cuvette densitometer (C), a short piece of heavy Latex tubing (taken from an intravenous infusion set) served as the injection chamber (A). Between the injection chamber and the densitometer, a mixing chamber (B) was connected. This chamber was made of Silastic tubing (Dow Corning) 5 cm long and 6 mm inner diameter, filled with glass beads of 2 mm diameter, and with 'teflon' mesh at each end to prevent impaction of glass beads during aspiration. Each end is then sealed with a male adaptor leaving a fluid volume of o.6 ml in the chamber. A Gilson (DTL) cuvette densitometer (C) with a GDI-8 DC amplifier was used as the sensing unit. This unit has a linearizing circuit to maintain linearity within the range of dye concentration encountered in the study. The amplifier output was simultaneously displayed on an oscilloscope and recorded on paper (Rapid-Writer -Electronics for Medicine). Downstream from the cuvette, an intravenous extension tube (Portex) was used to connect the cuvette and a 50 ml glass syringe on the Harvard pump (D), which was calibrated to withdraw blood at a constant rate of i6 ml/min.
Indocyanine green (Cardio-Green) dye in a concentration of 2.5 mg/ml was used as the indicator. The dye solution was prepared for each patient by dissolving 50 mg indocyanine green in 20 ml distilled water. The test dose (2 [L) was injected into the chamber (A) through a 25 G needle with a Hamilton No. 710 microlitre syringe mounted on a Hamilton repeating dispenser (E).
The entire system was sterile before each use and was maintained with sterile technique during use. Parts of the system were disposable (cannula, stopcocks, intravenous infusion tubing). The remaining parts were cleaned after use and resterilized either by ethylene oxide (parts A, B, C, E, F) or by autoclaving (5o ml glass syringe).
Dynamic calibration
The system was flushed with heparinized saline (20000 units added to a litre of normal saline) to purge the air. Then arterial blood was withdrawn at the constant rate (i6 ml/min) and the densitometer balanced at zero deflection. The needle was introduced into the injection chamber and the densitometer was set to the sensitivity previously determined to result in a peak deflection of the calibration curve of about Ioo mm on the recording paper. Dye solution, 2 IL, was injected and the curve was observed and recorded. When the deflection returned to zero the injection was repeated. Five to eight calibration curves were thus obtained in succession. After the last calibration curve, the withdrawal system was again flushed with heparinized saline.
Pump output curves
Fifteen adult patients having either aortic or mitral valve replacement or aortocoronary venous graft under total cardiopulmonary bypass were subjects for this study.
The procedures were explained to the patients and consent for the study obtained the day before surgery. In the operating room the radial artery was cannulated percutaneously using a 'teflon' catheter (Deseret, i8G) 5 cm long and o.8 cm inner diameter.
The patients were anaesthetized either with halothane or with morphine sulphate. All patients received the same diameter aortic cannula and the same pump machine was used. The pump output was calibrated previously. All bypasses were carried out under normothermia. After the establishment of stable total cardiopulmonary bypass, the calibration curves were obtained, followed immediately by the dye-dilution curves from the patient. Such curves were obtained in duplicate in each patient by injecting i to 2 ml dye solution into the arterial tubing distal to the rotary pump and immediately proximal to the arterial line filter. The injection port stopcock had its dead space previously filled with dye solution. Blood was withdrawn at the rate of i6 ml/ min from the radial artery through the densitometer with a male-to-male luer adaptor (F) in place of parts A and B.
Calculation of flow
The pump flow into the aorta was calculated according to equation (I) (Sparling et 
in which, Io (2.0 V.1) and Q0 (i6 ml/min) are constant.
Results The reproducibility of the dynamic calibration technique was analysed in the I5 experiments. Seventy-three calibration dye curves were acceptable. The first calibration curve of each series was significantly smaller in area than the remaining curves and was discarded. Four additional curves were discarded because of gross distortions caused by accidental air leak into the withdrawal system, obstruction of the withdrawal system, or faulty injection of the test dose. The mean curve areas, standard deviation, and the coefficient of variance are listed in Table i .
In I3 of the IS series, the calibration curve area had adequate reproducibility (CV within ± 5%). In all I5 studies, the calculated outputs were obtained in duplicate, and the arithmetic mean of the two outputs was used to compare with the indicated pump output ( (Shinebourne et al., x967) and the suitability for on-line computer computation of cardiac output (Hamer et al., I966) . After documenting the accuracy of the method, we have applied it satisfactorily in numerous clinical measurements of cardiac output. The materials needed are widely available and are easily assembled, and the procedures can be mastered with little effort. We recommend that others adopt this as the preferred method of calibration in clinical situations already outlined.
